Abstract Varicella zoster virus (VZV) is a ubiquitous alphaherpesvirus that establishes latency in ganglionic neurons throughout the neuraxis after primary infection. Here, we show that VZV infection induces a timedependent significant change in mitochondrial morphology, an important indicator of cellular health, since mitochondria are involved in essential cellular functions. VZV immediate-early protein 63 (IE63) was detected in mitochondria-rich cellular fractions extracted from infected human fetal lung fibroblasts (HFL) by Western blotting. IE63 interacted with cytochrome c oxidase in bacterial 2-hybrid analyses. Confocal microscopy of VZV-infected HFL cells at multiple times after infection revealed the presence of IE63 in the nucleus, mitochondria, and cytoplasm. Our data provide the first evidence that VZV infection induces alterations in mitochondrial morphology, including fragmentation, which may be involved in cellular damage and/or death during virus infection.
Introduction
Mitochondria are cellular organelles present in the cytoplasm of eukaryotic cells and essential for cell survival. In addition to production of ATP, mitochondria regulate many cellular functions, such as redox balance (Korenaga et al. 2005; Chu et al. 2011) , calcium ion dynamics (Korenaga et al. 2005; Chu et al. 2011 ) and apoptosis (Brazeau et al. 2010) . The morphology of mitochondria provides a reliable indicator of overall cellular health, and changes in the morphology are critically involved in cell signaling, maintenance of cellular developmental stages, aging, and antiviral responses. Perturbation of mitochondrial morphology frequently occurs during viral disease. For example, changes in mitochondria morphology are prevalent in hepatitis C virus infection of human hepatoma cells altering mitochondrial calcium homeostasis and resulting in excess mitochondrial-generated reactive oxygen species (Korenaga et al. 2005; Chu et al. 2011) . Disruption of mitochondrial membrane potential and subsequent mitochondrial fragmentation is a mechanism by which The co-first authors are Amy C. Keller and Hussain Badani. human immunodeficiency virus (HIV) induces cell death (Huang et al. 2012) . Canine parvovirus localizes to mitochondrial membranes during virus replication, causing membrane disruption that leads to mitochondrial swelling (blebbing), loss of membrane integrity, and elevated reactive oxygen species in initial stages of infection (Nykky et al. 2014) . Herpes viruses also affect mitochondria structure and function. Early in Herpes simplex virus type 1 (HSV-1) infection, a virus encoded alkaline nuclease (UL12.5 gene product) degrades mitochondria DNA (Saffran et al. 2007) . While elimination of mitochondrial DNA is not essential for virus replication (Duguay et al. 2014) , virus-induced mitochondria DNA instability enhances interferon-stimulated gene expression that promotes an antiviral state through STING activation (West et al. 2015) . Pseudorabies virus, another alphaherpesvirus, alters mitochondrial motility and increases action potential firing rates, increasing intracellular Ca 2+ that enhances virus pathogenesis (Kramer and Enquist 2012) . Human cytomegalovirus (HCMV) infection increases fatty acid synthesis for virus membrane formation and this energy-demanding process is supplied by virus-induced increase in mitochondrial biogenesis (Kaarbø et al. 2011) . To counteract the stress accompanying increased energy consumption, the viral mitochondrion-localized inhibitor of apoptosis (vMIA) enters mitochondria from endoplasmic reticulum via mitochondrion-associated membrane to inhibit Baxmediated apoptosis (Williamson and Colberg-Poley 2009; Zhang et al. 2013) .
Varicella zoster virus (VZV) is a ubiquitous human neurotrophic alphaherpesvirus that becomes latent in neurons of cranial nerve ganglia, dorsal root ganglia, and autonomic ganglia following primary infection (varicella). As cell-mediated immunity to VZV declines in elderly or immunocompromised individuals, virus reactivates to cause zoster (shingles) and other serious neurologic and ocular diseases (Mueller et al. 2010) . During productive infection, VZV expresses approximately 70 genes including the immediate-early protein 63 (IE63), one of many proteins critical for efficient production of progeny virions (Baiker et al. 2004 ). The cellular location of VZV IE63 during productive infection is predominately nuclear, but also cytoplasmic (Mueller et al. 2009 (Mueller et al. , 2012 . Since mitochondrial morphology is an established indicator of cellular physiology, we assessed mitochondria morphology after VZV infection, using VZV IE63 to identify virus-infected cells. Multiple microscopic imaging analyses revealed diffuse localization of IE63 in both mitochondria and the cytosol, suggesting that the presence of the protein in the mitochondria is due to passive diffusion. Over the course of 48 h, mitochondria in VZV-infected cells gradually fragmented and expanded, consistent with localized damage and altered morphology.
Materials and methods

Cells and virus
Human fetal lung cells (HFL) (ATCC, Manassas, VA) were propagated as described (Baird et al. 2014) . To detect VZV IE63 in infected cells, the enhanced green fluorescent protein (eGFP) was fused to the C-terminus of the protein via two-step red-mediated en passant mutagenesis (Tischer et al. 2006 (Tischer et al. , 2007 . VZV IE63 is encoded by open reading frame (ORF 63), which maps within the inverted repeat region of the unique short segment of VZV DNA and is present as ORFs 63 and 70 encoding IE63 and IE70, respectively (Davison and Scott 1986) . The construction was verified by PCR, DNA sequencing, and multiple restriction fragment length polymorphism analyses and showed no growth defects compared to wild-type parental virus (Goodwin et al. 2013) . Upon propagation of the dual-labeled virus, plaques developed that fluoresced only green and that yielded, upon 3×-plaque purification, recombinant virus containing PCR-verified eGFP fused to the 3′ end of ORFs 63 and 70. This virus was used at an infectivity ratio of 1 VZV-infected cell to 100 uninfected cells.
VZV IE63 bacterial 2-hybrid analysis
To identify proteins that bind VZV IE63, a bacterial rather than a yeast 2-hybrid analysis was used, since full-length IE63 fused to the DNA binding domain of GAL4 transactivates eukaryotic gene expression (Ambagala and Cohen 2007) . DNA sequencing verified that fusion of VZV ORF 63 to the λcI repressor of pBT (BacterioMatch; Stratagene, La Jolla, CA) did not transactivate prokaryotic genes. This construct was cotransformed with a mouse brain cDNA library fused to the C-terminus of E. coli RNA polymerase II into E. coli KJ1C (hisB-null) and histidine auxotrophs selected on defined media lacking histidine (Tse et al. 2009 ).
Cell fractionation and Western blot analysis
HFL cells were infected with VZV as described (Baird et al. 2014) . Mitochondria were extracted from HFL cells 48 h after infection as per the manufacturer's instructions (Qproteome Mitochondria Isolation Kit; Qiagen, Germantown, MD). Cell fractions (mitochondria, M; cytosolic, C; nuclear, N; and microsomal, μ) were separated by SDS-PAGE, transferred to PVDF membranes, and antigens were detected with antibodies against voltaged e p e n d e n t a n i o n c h a n n e l 1 ( V D A C 1 ; A b c a m , Cambridge, MA), mitogen-activated protein kinase (p38; Cell Signaling, Danvers, MA), proliferating cell nuclear antigen (PCNA; Abcam), calnexin (Abcam), and VZV IE63 (Mahalingam et al. 1996) . Secondary HRP-labeled goat anti-rabbit or goat anti-mouse (Life Technologies, Carisbad, CA) antibodies were used and detected with ECL detection reagent (Pierce, Hallsborough, NC). Blots were imaged using a BioRad ChemiDoc XRS+ (Hercules, CA).
Confocal microscopy
HFL cells were fixed and stained at 12, 24, 36, and 48 h postinfection. At the indicated times, medium was aspirated and cells were washed twice with phosphate-buffered saline (PBS), fixed in 4 % paraformaldehyde (PFA, Fisher Scientific) for 30 min at 37°C, permeabilized in 0.01 % Triton X for 30 min, and blocked with 10 % fetal bovine serum (FBS) in PBS for 25 min at 37°C. Mitochondrial outer membranes were identified by incubating cells with monoclonal anti-Tom20 antibody (Santa Cruz Biotechnology, CA) in 5 % FBS for 1 h at 37°C followed by Alexafluor 546 (Life Technologies) secondary antibody (anti-mouse) for 1 h at 37°C. Nuclei were stained with DAPI (Life Technologies) for 10 min at room temperature. Coverslips were mounted and imaged on a Leica SP8 confocal microscope. Images were obtained using a ×40 oil immersion objective. Image size was 1024 × 1024 pixels, with a pixel size of 180.4 nm.
Image analysis
Fluorescent signal colocalization analysis was conducted with the Leica LAS-X, version 1.8.1.13759 software, which generated Pearson's correlations based on the detection and analysis of fluorescence at two wavelengths. Mitochondrial morphology was assessed using a fully automated software technique developed by P.M. McClatchey (McClatchey et al. 2015; Keller et al. 2016) . Briefly, the software applies adaptive image enhancement algorithms to identify mitochondria (Otsu 1979; Peng et al. 2010) . Changes in mitochondrial morphology were assessed based on the number of mitochondrial bodies detected, total mitochondrial projected area, and total mitochondrial perimeter, all adjusted for signalto-noise ratio and focus effects (McClatchey et al. 2015) . Bias due to microscope point-spread function (PSF) was not accounted for in this analysis, likely resulting in an overestimation of mean mitochondrion length by ∼150 nm. After separation of green (VZV IE63), red (mitochondria, Tom20), and blue (nucleus, DAPI) channels, the amount of VZV IE63 that localized to specific areas (cytosol, mitochondria, or nucleus) was assessed based on the mean GFP intensity within each compartment. Mean pixel intensities were normalized to overall cytoplasm intensity, thereby preventing detection of spurious differences due to sample variations in total virus content.
Statistical analysis
Pearson's correlations and changes in mitochondrial length and width between time points or treatment groups were assessed for statistical significance using the Student's t test or one-way ANOVA using Tukey's post hoc correction for multiple comparisons to assess individual group differences; differences of p < 0.05 were considered statistically significant.
Results
VZV IE63 is present in mitochondrial fractions from virus-infected HFL cells
Bacterial 2-hybrid analysis was performed to identify candidate proteins encoded by a mouse brain cDNA that bound IE63. Selection of bacteria in minimal medium lacking histidine and supplemented with 100 μg/ml streptomycin yielded 80 colonies, 10 (12.5 %) of which contained sequences that mapped to mouse cytochrome c oxidase (Table 1) , an integral protein in the inner mitochondrial membrane (Kadenbach et al. 2013) . Western blot analysis of mitochondria extracted from VZV-infected HFL cells revealed the presence of VZV IE63 (Fig. 1a) . In addition, the mitochondria-enriched fraction contained mitochondrial membrane-associated VDAC1, but not nuclear PCNA or diffuse cytoplasmic p38, and also contained calnexin (Fig. 1b) , a calcium-binding chaperone protein that facilitates protein assembly. The presence of calnexin in both mitochondria and microsomal extracts of VZV-infected and control HFL cells is indicative of endoplasmic reticulum (ER) fragments, commonly present in mitochondrial preparations due to ER/mitochondrial contacts (Bozidis et al. 2007; Lee and Yoon 2014) .
Presence of VZV IE63 in the nucleus and mitochondria during infection
Confocal microscopy showed VZV IE63 (green) in mitochondria (red) of VZV-infected cells as infection progressed over time (Fig. 2) . Pearson's correlations, determined for each pair of conditions for all time points imaged, showed no correlation between mitochondria and nuclei throughout infection (Table 2 , column 1), validating our parameter for negative localization. VZV IE63 correlated positively with nuclei and mitochondria throughout virus infection (Table 2 , columns 2 and 3), but its localization to mitochondria and nuclei was significantly different only at 24 h (Table 2, p < 0.05). Additionally, accumulation of IE63 in both nuclei and mitochondria, determined by Pearson's correlations across a time course of infection (Fig. 3) doubled at 36 h as compared to the amount at earlier time points. At 48 h, the amount of IE63 in the nucleus decreased significantly from that at 36 h (Fig. 3 , p < 0.05), while the amount of IE63 in mitochondria remained constant. 
VZV infection increases mitochondrial width and decreases length
Mitochondria morphology was analyzed for computerassisted digitized mitochondria structure, with VZVinfected cells identified by the presence of IE63 (Fig. 4a ).
Mitochondrion width (Fig. 4b ) remained constant from 12-48 h in both infected and uninfected cells, but was significantly greater in infected than in uninfected cells at all time points (p < 0.05). Mitochondrion length was significantly less at 48 h compared to 12 h (p < 0.05, data not shown). 
Discussion
We observed the diffuse presence of VZV IE63 throughout the virus-infected cell but particularly in the nucleus, consistent with previous reports of VZV IE63 localization in the nucleus (Mueller et al. 2010; Ambagala et al. 2009 ). Nuclear functions attributed to VZV IE63 include regulation of viral and cellular gene transcription (Jackers et al. 1992; Zuranski et al. 2005; Habran et al. 2007; Khalil et al. 2013) , perhaps by modulating the host anti-silencing factor (Ambagala et al. 2009) , by enhancing the function of VZV IE62, the major virus immediate-early regulator of gene transcription (Lynch et al. 2002) , or by modifying how cellular RNA polymerase II recognized virus and cell gene promoters (Di Valentin et al. 2005) . In the cytoplasm, VZV IE63 acts to disarm cellular antiviral defenses by blocking eIF-2 phosphorylation (Ambagala et al. 2009 ). In agreement with previous reports (Ambagala et al. 2009; Lyman and Enquist 2009; Che et al. 2011) , we also found VZV IE63 diffusely distributed in the cytoplasm. Along with indicating VZV IE63 associated with cytochrome c oxidase, the yeast two-hybrid results detected four other candidate IE63 binding partners; mKIAA, two members of the eIF2 complex, and tubulin. mKIAA is the murine homolog of human KIAA, a set of 2000 sequence genes of unknown function identified by whole genome sequencing (Okazaki et al. 2003) . VZV IE63 binding eIF2B3 and eIF5a may help provide a mechanism through which IE63 inhibits eIF-2 phosphorylation (Ambagala and Cohen 2007) . VZV IE63 is a tegument protein (Kinchington et al. 1995) and its binding tubulin may assist virus migration through the cytoplasm during pathogenesis. The yeast two-hybrid results suggests intriguing VZV IE63 functions during productive infection, however conformation by an independent means such as protein identification by mass spectrophotometry following co-immunoprecipitation is first required. Our findings demonstrated mitochondrial fragmentation and swelling that persisted throughout the time course of VZV infection, suggesting that VZV-induced mitochondrial swelling occurs within 12 h after infection and providing the first evidence that VZV modifies mitochondria in virus-infected cells. The change in mitochondrial morphology in infected cells is indicative of mitochondrial fission, which together with mitochondrial swelling, may indicate inner membrane disruptions secondary to viral disruption of membrane potential or excess reactive oxygen species, indicators of autophagy. Mitochondrial fission and membrane disruptions are morphological occurrences known to be associated with the Confocal microscopy analysis was used to detect the presence of IE63 in the mitochondria (stained with TOM-20) or nucleus (stained with DAPI). Pearson's correlation for each wavelength was generated. Three photos were taken from two separate staining experiments for a total n = 6 for each measurement. Data are mean ± SEM. decline of oxidative phosphorylation-generated ATP. While VZV has not been shown to perturb mitochondrial functions, it induces apoptosis in productively infected cells through the intrinsic (mitochondria-associated) pathway (Brazeau et al. 2010; Pugazhenthi et al. 2011) , and VZV IE63 inhibits virus-induced apoptosis in infected human neurons (Hood et al. 2006) . Because VZV IE63 increases in mitochondria with time after infection, VZV infection may be modulating apoptosis.
VZV may be present in the mitochondrial membrane during later stages of infection, as observed with other viral infections (Nykky et al. 2014) . Since only HFL cells were investigated, we cannot comment on the universality of VZVinduced mitochondrial changes. Nonetheless, one explanation for VZV interaction with mitochondria may rest in the commandeering of glycolytic endpoints. Known as the Warburg effect, such commandeering is common in cancer biology and after viral infection (Guo et al. 2014; Hsieh et al. 2015) . Further studies that measure respiration, glycolysis enzymes and products, and mitochondrial complex activity are needed to target the mechanisms by which VZV modulates mitochondrial morphology. The effect of VZV infection on intercellular ATP stores is not currently known, but the potential loss of mitochondrial ATP production would undoubtedly contribute to virus-induced autophagy observed both in VZVinfected human melanoma cells in tissue culture and skin biopsies containing zoster vesicles (Takahashi et al. 2009 ). 
